A sinusoidal replica of a sentence evokes a clear impression of intonation despite the absence of the primary acoustic correlate of intonation, the fundamental frequency. Our previous studies employed a test of differential similarity to determine that the tone analog of the first formant is a probable acoustic correlate of sinusoidal sentence intonation. Though the typical acoustic and perceptual effects of the fundamental frequency and the first formant differ greatly, our finding was anticipated by reports that harmonics of the fundamental within the dominance region provide the basis for impressions of pitch more generally. The frequency extent of the dominance region roughly matches the range of variability typical of the first formant. Here, we report two additional tests with sinusoidal replicas to identify the relevant physical attributes of the first formant analog that figure in the perception of intonation. These experiments determined (1) that listeners represent sinusoidal intonation as a pattern of relative pitch changes correlated with the frequency of the tonal replica of the first formant, and (2) that sinusoidal sentence intonation is probably a close match to the pitch height of the first formant tone. These findings show that some aspects of auditory pitch perception apply to the perception of intonation; and, that impressions of pitch of a multicomponent nonharmonic signal can be derived from the component within the dominance region.
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A sinusoidal replica of a sentence evokes a clear impression of intonation despite the absence of the primary acoustic correlate of intonation, the fundamental frequency. Our previous studies employed a test of differential similarity to determine that the tone analog of the first formant is a probable acoustic correlate of sinusoidal sentence intonation. Though the typical acoustic and perceptual effects of the fundamental frequency and the first formant differ greatly, our finding was anticipated by reports that harmonics of the fundamental within the dominance region provide the basis for impressions of pitch more generally. The frequency extent of the dominance region roughly matches the range of variability typical of the first formant. Here, we report two additional tests with sinusoidal replicas to identify the relevant physical attributes of the first formant analog that figure in the perception of intonation. These experiments determined (1) that listeners represent sinusoidal intonation as a pattern of relative pitch changes correlated with the frequency of the tonal replica of the first formant, and (2) that sinusoidal sentence intonation is probably a close match to the pitch height of the first formant tone. These findings show that some aspects of auditory pitch perception apply to the perception of intonation; and, that impressions of pitch of a multicomponent nonharmonic signal can be derived from the component within the dominance region.
When the pattern of formant frequency variation of a natural utterance is imparted to several time-varying sinusoids, there are two obvious perceptual consequences. First, the phonetic content of the original natural utterance is preserved, and listeners understand the sinusoidal voice to be saying the same sentence as the natural one on which the sinusoidal sentence is modeled (Remez, Rubin, Pisoni, & Carrell, 1981) . Second, the quality of a sinusoidal voice is unnatural both in its timbre and its intonation (Remez et ai., 1981; Remez, Rubin, Nygaard, & Howell, 1987; Remez & Rubin, in press ). Our studies have attributed the intelligibility of sinusoidal sentences to the availability of time-varying phonetic information which is independent of the specific acoustic elements
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composing the signal (Remez & Rubin, 1983 , 1990 . Correspondingly, we have attributed the anomalous voice qualities to the absence of harmonic structure and broadband resonances from the short-term spectrum, and to the peculiar intonation of sinewave sentences (Remez et al., 1981; Remez & Rubin, 1984; in press ). Unlike natural and synthetic speech, sinewave replicas of utterances do not present the listener with a fundamental frequency common to its tonal components. In the absence of this typical correlate of intonation, our studies revealed that the tonal analog of the first formant is a probable source of the impression of the odd sentence melody accompanying the phonetic perception of replicated utterances.
The studies of intonation that are reported here address two issues about the method of our earlier research (Remez & Rubin, 1984) , producing the evidence that now permits a clear interpretation. These new tests show that impressions of sinusoidal intonation are approximate to the pattern of frequency change of the tone analog of the first formant, and that the intonation of the sinusoidal sentence appears to approximate the specific pitch height of this crucial tone component.
Sinusoidal intonation
In our initial studies of the basis for the impression of intonation in sinewave sentences (Remez & Rubin, 1984) , we used a matching task, on each trial of which the subject listened to a sinusoidal sentence followed by two single-tone patterns, and chose from the pair of single tones the better match to the intonation of the sinewave sentence. By examining the likeness judgments across a set of single-tone candidates, we were able to identifY a best match, good matches, and poor matches to the intonation of a particular sentence. We generally found that the tone imitating the first formant was preferred to all other alternatives.
First, listeners consistently chose the tone replicating the first formant from a set of tonal candidates that also included the second and the third formant analogs of the sentence replica. The set of alternatives also contained a tone reproducing the greatest common divisor of the three concurrent tones of the sentence pattern; and a tone which presented a linguistically and acoustically plausible fundamental frequency contour for the sentence that we used. The expression of any clear preference among these alternatives suggested that subjects understood the instructions and were capable of the task that we set for them. Second, we found that the preference for the first formant analog did not depend on the fact that it had the greatest energy among the constituents of the sentence, for the first formant tone was the choice for matching the intonation regardless of the ordinal amplitude relations that we imposed among the tones reproducing the formant centers. Here, the alternatives in the matching set again were the tonal components of the sentence replica. Third, when listeners were asked to identify the intonation of a sentence pattern that included formant analogs with an additional tonal component below the frequency of Tone 1 that followed the natural fundamental frequency values of the utterance from which the tonal replica was derived, they did not select this F0-analog as the match to intonation, but instead chose the first formant analog again. Here, the alternatives in the matching set were the tonal components of the sentence replica and the tone reproducing F0 variation. Last, listeners expressed no consistent experience of intonation-performance on the intonation matching task did not differ from chance-when requested to identify the intonation of a sinusoidal sentence replica that lacked the component analogous to the first formant.
Overall, these results suggested that the intonation of a sinusoidal replica of a sentence is correlated with attributes of the analog of the first formant. The selection of the first formant tone (Tone 1) as the match to intonation persisted even when that tone had neither the greatest power among the sinusoidal components of the sentence nor the lowest frequency. In that case, it is not surprising that the intonation of sinewave sentences seems odd. The pattern of first formant frequency variation is better correlated with the opening and closing of the jaw in cycles of syllable production than the patterns of rise and fall of intonation, which are correlated with the polysyllabic breath group. But, as evidence for a more specific claim-that sinusoidal sentence intonation is based on the frequency variation of the first-formant analog-our prior findings are equivocal in two crucial ways. First, if listeners chose Tone 1 because it reprised the pattern of sentence pitch, this choice may also have occurred if Tone 1 was simply the candidate falling closest in pitch range to the apparent intonation of the sentence. In fact, the report of Grunke & Pisoni (1982) suggests that this alternative hypothesis is plausible. They noted that the apparent similarity of speechlike syllable-length tone patterns was affected by average tone frequency as well as by details within the pattern; none of the tests of Remez & Rubin (1984) evaluated the possibility that similar effects occur in sentence length patterns. A second point to consider is that the single-tone alternatives used by Remez & Rubin (1984) in the matching test confounded pitch range and pitch pattern. It is necessary to observe matching preferences for Tone 1 in a study controlling pitch range differences among the test alternatives to conclude that listeners hear sinusoidal intonation as the correlate of Tone 1.
The two studies reported here also used a matching task to test the hypothesis that the acoustic correlate of intonation in sinewave sentences is the tone that follows the frequency and amplitude variation of the first formant. In both experiments we employed a set of alternative single-tone frequency patterns for subjects to use in matching their impressions of intonation of a four-tone sentence replica. In the first experiment, we composed the set of candidates to distinguish the perceptual effect of frequency contour from average frequency.
EXPERIMENT 1
While our prior studies had pointed to the tone analog of the first formant as the closest match to the intonation of a sinusoidal sentence, additional tests were needed to conclude that the pattern of this tone, and not merely its average frequency, was the basis for the likeness judgments. The test performed in Experiment 1 offers alternatives that have identical average frequency but different frequency patterns derived from tonal components of the sinusoidal sentence. If subjects fail here to exhibit a clear preference in matching intonation and single-tone pitch patterns, then we would conclude that the average frequency is well represented perceptually in the perception of intonation of a sinusoidal sentence, and the specific pattern of frequency changes less well.
Method
Subjects. Fifteen audiologically normal adults were recruited from the population of Barnard and Columbia Colleges. All were native speakers of English, and none had been tested in other experiments employing sinusoidal signals. The subjects were paid for participating.
Acoustic Test Materials. The acoustic materials used in this test consisted of four sinusoidal patterns: one four-tone sentence pattern, and three single-tone patterns, all of them generated by a sinewave synthesizer (Rubin, 1980) . This synthesizer produces sinusoidal patterns defined by parameters of frequency and amplitude for each tone, updated at the rate of 10 ms per parameter frame. The initial synthesis parameters were obtained by analyzing a natural utterance, the sentence "My t.v. has a twelve inch screen," spoken by one of the authors. This utterance was recorded on audiotape in a sound-attenuating chamber and converted to digital records by a VAX-based pulsecode modulation system using a 4.5 kHz low-pass filter on input and a sampling rate of 10 kHz. At lO-ms intervals, center-frequency and amplitude values were determined for each of the three lowest oral formants and the intermittent fricative formant by the analysis technique of linear prediction (Markel & Gray, 1976) . In turn, these values were used as sinewave synthesis parameters after correcting the errors typical of linear prediction estimates. A full description of sinusoidal replication of natural speech is provided by Remez et al. (1987) .
The resulting sentence pattern comprised four time-varying sinusoids. Tone 1 corresponded to the first formant, Tone 2 to the second, Tone 3 to the third, and Tone 4 was used to replace the fricative formant. A spectrographic representation of this pattern is shown in Figure 1 . The three single-tone patterns that were used to compose the pairs of alternatives in the matching trials were Tone 1 and frequency-transposed versions of Tone 2 and Tone 3, each a component of the sentence pattern that the subject heard at the beginning of each trial. Tone 1 was produced with the frequency values it exhibited within the sentence pattern. These three single-tone alternatives were produced with equal average power, and each had roughly the same average frequency of 320 Hz. This was accomplished by dividing the frequency parameters of Tones 2 or 3 by constant divisors throughout the pattern and then synthesizing the transposed time-varying sinusoids. formant analog as the match to intonation, suggesting that subjects used pitch patterns rather that average frequency in this test. This finding adds credibility to our claim that the pattern of frequency variation of the first formant tone is supplying the acoustic basis for pitch impressions. Nevertheless, it remained to be shown that the precise range of frequency variation of this tone is responsible for the listener's impression of intonation in a sinusoidal sentence replica. 
EXPERIMENT 2
One way to determine the perceptual effect of the precise frequencies of the first formant analog (as opposed to the contour of its frequency variation) is to see how subjects fare in the matching task if all the alternative pitch candidates have the same contour, differing only in average frequency. If subjects persist in selecting Tone 1 as the best match when other candidates exhibit the same pattern of variation (at different pitch heights) we may conclude that Tone 1 is a fairly direct cause of pitch impressions.
In this test, we used the same sentence replica that we created for Experiment 1, but the tone alternatives for the matching task were all derived The synthesized test materials were converted from digital records to analog signals, recorded on audiotape, and were presented to listeners by playback of the audiotape. Average listening levels were set at 72 dB SPL. Test materials were delivered binaurally in an acoustically shielded room over Telephonics TDH-39 headsets.
Procedure. During an initial instruction portion of the test session, listeners were told that the experiment was examining the identifiability of vocal pitch, the tune-like quality, of synthetic sentences. To illustrate the independence of phonetic structure and sentence melody for the test subjects, the experimenter sang the phrases "My Country 'Tis of Thee" and "1 Could Have Danced All Night" with the associated melodies and with the melodies interposed. When subjects acknowledged their ability to determine the melody of a sentence regardless of its words, they were instructed to attend on each test trial to the pitch changes of the sinusoidal sentence, to identify the pattern, and then to select the alternative of the two following patterns that more closely resembled the intonation of the sentence. The subjects recorded their choices in specially prepared response booklets.
The format of each trial was identical, consisting of three sinusoidal patterns. First was the sinusoidal sentence "My t.v. has a twelve inch screen," presented once. Then, one of the three single-tone patterns was presented. Last, a second single-tone pattern was presented. There were six different comparisons among the three different single-tone alternatives. Counterbalanced for order, each subject judged each different comparison twenty times. Each sinusoidal pattern was approximately 3.1 s in duration, the interval between items within a trial was 1 s, and the interval between trials was 3 s.
Results and Discussion
The results are not difficult to interpret. Figure 2 shows the proportion of trials on which each alternative was chosen relative to the number of trials on which it was presented. Subjects preferred Tone 1 to the other two intonation candidates, and the mean differences were large. An analysis of variance was performed on the differences in preference between candidate tones in the three comparisons, and was highly significant [F (2,40)=71.62, p<.OOOl].
Because the single-tone alternatives differed in frequency contour but not in average frequency, the data reveal a strong preference for the first 1.0 . . , . . . ----_ --, 
Method
Subjects. Twenty volunteer listeners with normal hearing in both ears were drawn from the student population of Barnard and Columbia Colleges. None had previously participated in studies of sinusoidal synthesis. The subjects received pay for participating.
Acoustic Test Materials. The same sinusoidal sentence pattern, "My t.v. has a twelve inch screen," from Experiment 1 was employed here. The single-tone alternatives consisted of Tone 1 and four variants: the frequency pattern of Tone 1 transposed downward by 20% and 40%, and transposed upward by 20% and 40%.
Procedure. Subjects heard the same brief instructions that were used in the first experiment to spotlight the independence of sentence melody and lexical attributes. The test itself comprised 100 trials in which each began with a single presentation of the sinusoidal sentence, "My t.V. has a twelve inch screen." Next, two of the five single tone alternatives were presented, and the subject chose the closer match to the pitch pattern of the sinusoidal sentence. There were ten different comparisons of the five alternatives, repeated five times in each order.
Results and Discussion
The outcome of this test was clear, again. An analysis of variance performed on the preference differences across the ten contests was highly significant [F (4, 60)=13.79, p<.OOOl] . In essence, subjects consistently selected Tone 1 as most like the sentence pitch. These results are shown in Figure 3a .
The intonation matches on trials in which Tone 1 was not a candidate are shown in Figure 3b . Four of these comparisons contained a pair in which one candidate was closer to Tone 1 in frequency than the other was, and two of these comparisons had tones equally similar to Tone 1 in physical frequency. In the two equal-similarity cases, subjects chose the higher tone as the better match. from the pattern of the first formant analog, Tone 1. They were made by transposing the synthesis parameters for Tone 1 up or down in frequency, resulting in a set of Tone 1 variants, only one of which had the identical frequency values exhibited by Tone 1 in the sentence pattern. If subjects express precision in their preferences, we can conclude at least that the relative pitch pattern is anchored to a specific impression of pitch height, however else the impression of intonation is moderated by converging influences.
This is exactly what we would expect on the precedent of classic studies of pitch scaling (cf. Ward, 1970) , which roughly confirm the relationship of the 2:1 frequency ratio and the interval of the octave. In the present case, this means that the tone with its frequency increased by 40% relative to Tone 1 should be as different, subjectively, from Tone 1 as the tone with its frequency decreased 20%. This hypothesis is encouraged by the outcome of the condition comparing the case of 20% downward vs. 40% upward transpositions, in which there was no clear preference, suggesting a subjective equality of these two in degree of similarity to sentence pitch.
To summarize the ten comparisons, we derived a likeness index for each of the five single tonealternatives, by summing the total number of contests over the whole test in which each was selected. Each tone occurred in forty contests, which yields a limiting score of 40 were that tone selected on every opportunity. The group averages are portrayed in Figure 4 , along with the best quadratic fit to the five points. Although Tone 1 is clearly the most frequently chosen alternative across the likeness test, the effect of frequency transposition is not symmetrical.
Pitch Height Comparisons
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.6 Tone 1 .8 Tone 1 Tone 1 1.2 Tone 1 1.4 Tone 1 Single-tone alternatives Figure 4 . Representation of the integrated performance on the ten contests of Experiment 2 is shown in this plot of overall similarity to the apparent intonation of the sinewave sentence. The likeness index for the five single-tone alternatives in Experiment 2 is graphed with a best quadratic fit to the group averages. (The curve is plotted to emphasize the asymmetry of the effect of transposition; no specific theoretical significance is given to the terms of the best-fitting function.)
This is exactly what we would expect based on the rough match of frequency to pitch in this range, in other words, that a 40% increase in frequency is a subjectively equal change to a 20% decrease in frequency. Overall, this pattern of results suggests that the pitch height of the intonation of a sinusoidal sentence must be quite close to the pitch impression created by Tone 1 presented alone.
GENERAL DISCUSSION
The findings of Experiments 1 and 2 add precision to our account of the odd intonation that accompanies sinusoidal replicas of sentences. Listeners in our tests consistently selected the tonal analog of the first formant as the match of their impressions of intonation, as if that component ofthe tone complex plays a dual role in the perception of sinewave sentences: First, it acts as if it were a vocal resonance supplying segmental information about the opening and closing of the vocal tract; second, it acts as the periodic stimulation driving the perception of pitch. If the tone analog of the first formant is responsible, the intonation pattern of a sinusoidal sentence ought to sound weird, given that this tonal component (1) lies several octaves above the natural frequency of phonation, and (2) varies in a manner utterly unlike the suprasegmental pattern of F0 variation.
If the perceiver catches on to the trick of treating sinusoids as formant analogs, then it is reasonable to expect the analog of the first formant to contribute to impressions of consonants and vowels. But, why should this constituent of the signal also create an impression of intonation? These two studies of tone contour and frequency bolster the case which we have made relying on the dominance region hypothesis (Remez & Rubin, 1984) . Research on the causes of pitch impressions with nonspeech sets of harmonic components had shown that the auditory system is roughly keyed to detect pitch preferentially from excitation in the range of 400-1000 Hz (Plomp, 1967; Ritsma, 1967) . In essence, these psychoacoustic studies of fundamentals around Hz revealed a predominant influence on pitch impressions of the common periodicity of the third through fifth harmonics, and a lesser influence of higher or lower harmonics. An important proof of the effects of the dominance region using speech sounds was reported by Greenberg (1980) . This study assessed human auditory evoked potentials in response to synthetic speech spectra, and showed that the representation of the fundamental frequency in the recordings was strongest when the frequency of the first formant fell within the dominance region. Of course, in ordinary speech, the first formant ranges widely, from roughly 270 Hz to 850 Hz in the speech of adults, to as high as 1 kHz in children. By this notion, in ordinary listening the band extending from 400-1000 Hz is analyzed • to supply both periodicity information and the center-frequency of the first formant that traverses it. The periodicity of a speech signal and the frequency of its first formant typically differ greatly in natural speech, both in pattern as well as in frequency range. In sinewave replicas, which lack harmonic structure, often the sole component falling in the dominance region is the tonal analog of the first formant. In that case, we claimed, despite the absence of harmonics, the first formant analog evidently presents an effective if inadvertent stimulus for pitch perception, and acts as well as an implicit resonant frequency. Here, the periodicity within the dominance region converges on the center frequency of the firstalbeit functional-formant, and the apparent intonation is therefore unlike familiar speech in its pattern of variation and its displaced range.
The present tests furnish two missing pieces which clarify this situation. It is the frequency contour of Tone 1 which subjects use to match their impressions of sentence melody, rather than average frequency as such. Our test determined this by forcing subjects to differentiate the particular pitch contour of Tone 1 from its pitch height and pitch range. Nonetheless, subjects reported that the precise pitch height of Tone 1 matched the impression of intonation of the sentence. This was revealed in the second experiment which required subjects to differentiate frequency-transposed versions of Tone 1. Although subjects consistently chose the true Tone 1 as the best match to sentence intonation, they also confirmed, implicitly, that the familiar relation of frequency to apparent pitch obtains in this instance.
In implicating basic auditory analyzing mechanisms to account for the intonation of sinusoidal sentences, our claim suggests that definite impressions of pitch should typify tonal analogs of spoken syllables-a familiar kind of nonspeech control-whether or not phonetic segmental attributes are apparent. To take a recent instance, listeners who heard three-tone analogs of isolated steady-state vowels chose a rough approximation of the first-formant analog in matching their auditory impressions of these signals (Ruhl, Williams & Meltzoff, 1991) ; that result departed from the prediction that the vowels of English differed characteristically in their spectral centers of gravity, and that such integrated spectral properties ruled the perception of speech sounds. Because the listeners evidently did not perceive the tone complexes as vowels, Kuhl et al. concluded that speech and nonspeech sounds are accommodated by divergent perceptual analyses. From the perspective of our findings, though, it seems clear that pitch impressions of three-tone steady-state vowels would be derived from the frequency of the first formant analogs in any case, whether or not the spectrum of the tone complex is integrated in establishing a vowel impression. A subject who is instructed to match the vowel quality of a three-tone complex or to match its predominant pitch may attend to very different psychoacoustic attributes in each task. Although we admit that the paths to phonetic perception and auditory form perception diverge early on (Remez, Rubin, Berns, Pardo, & Lang, in press ), the present studies show how intricate the interpretation of evidence can be.
While these experiments on sinusoidal sentence pitch have produced a novel instance corroborating the dominance region hypothesis, we have yet to observe a perceptual effect attributable to linguistic or paralinguistic attributes of the sentences. Some accounts of intonation report sentence-level effects based on departures from an underlying downdrift pattern, or from phrase-final fall (Vaissiere, 1983) . The violation of expectations based on typical properties of sentences may contribute to the apparent oddness of sinusoidal sentence melody, and to difficulties in intelligibility. But, despite the fact that tone analogs of sentences lack the familiar acoustic properties associated with a steady fundamental, we have not observed any effect of these gross departures in the registration of intonation. The pitch patterns of these sentences follow the prediction given by the dominance region hypothesis. Subsequent studies may identify precise points of departure between the impressions of intonation and the periodicity of the tone supporting the percept.
